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Abstract 
Commercial and Institutional (C&I) buildings are responsible for approximately 20% of total energy consumption in North 
America, of which heating, ventilation and air conditioning (HVAC) accounts for around 50% in Canada and 30% in USA. As 
such, C&I buildings represent a substantial energy use reduction opportunity using new technologies. However, given that a 
building is principally to insure comfortable indoor conditions, it is critical that these requirements are not compromised. Model 
Predictive Control (MPC) is a growing field of research for operating buildings that takes advantage of changing internal and 
external conditions of a building to save energy, operating cost, and greenhouse gas (GHG) emissions, while maintaining and 
potentially enhancing occupant comfort. The aims of this paper are twofold: a) to identify building characteristics that are beneficial 
to the performance of MPC strategies and provide explanation for their selection; and b) to provide detailed review of prototypical 
C&I building categories to identify those that are the most suitable for the application of MPC. C&I buildings that exhibit thermal 
mass, high solar gains, discrete occupancy periods, and the opportunity to vary temperature setpoints represent best candidates for 
MPC application. Offices and education buildings are best candidates based on their use profile, construction, and ubiquity. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Commercial and institutional buildings (C&I) are located in great numbers (5,341*103 buildings) throughout North
America and provide usable space for offices, retail, restaurants, accommodations, education, and healthcare [1, 2]. 
As such C&I are responsible for around 20% of total annual energy consumption in North America, of which heating, 
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ventilation and air conditioning (HVAC) accounts for around 50% in Canada and 30% in the USA [1, 2]. The energy 
consumption is driven by occupant comfort and operations, which provide for lighting, equipment, water, fresh air, 
zone temperature, and humidity control. These building are constructed using a broad range of materials and employ 
various heating and cooling technologies. The climatic conditions in which they operate vary greatly across North 
America, going from cold to hot, and humid to dry. Recent control technology developments allow these buildings to 
continue service with existing equipment while using less energy by operating in a more efficient manner. Model 
Predictive Control (MPC) is a growing field of research for operating buildings that takes advantage of changing 
internal and external conditions of a building to save energy, operating cost, and greenhouse gas (GHG) emissions, 
while maintaining and potentially enhancing occupant comfort. While application of various MPC strategies may 
result in the substantial energy and/or cost savings, the performance of MPC technology is highly dependent upon the 
characteristics and operational requirements of the building and climate in which it operates. Hence buildings that 
exhibit certain characteristics are better candidates for implementation of MPC control strategies compared to the 
others.  
Researchers have now for several decades attempted to categorize C&I buildings into sets of archetypes which 
reasonably represent the variety of buildings found throughout North America. To do so, they rely on surveys and 
statistical reporting. Such surveys/reports give researchers a snapshot of how buildings are being used, when they 
were constructed, and where they are located. However, they are limited by the terms of the survey. To augment 
surveys, researchers then apply engineering judgment based on experience gained from building design work, or from 
energy auditing. As time goes by additional survey data becomes available and this is often applied to existing 
archetype databases to enhance or expand them. When C&I buildings are classified from an engineering context, it is 
usually done on the basis of service type, building envelope, and HVAC system.  
Several projects have developed prototypical building energy models over the last couple of decades. Thus, early 
works of Huang et al. [3] and Huang and Franconi [4] provide an extensive summary of building characteristics 
databases, engineering studies, characterizations, and prototype models for energy simulation, whereas Huang et al. 
[5] provided an analysis of 1999 building data. Two more recent effort to construct prototypical building energy
models include a work of Stocki et al. [6] from the University of Massachusetts and Griffith et al. [7] form the National
Renewable Energy Laboratory (NREL). The latest work in this field by Deru et al. [8] from the Lawrence Berkeley
National Laboratory (LBNL) lead to the development of 16 reference building models that represent approximately
two-thirds of the USA commercial building stock. All of the above archetype categories and databases were
formulated for the USA. Canada has had a less active role in modeling commercial buildings and creating archetypes.
Recently Canada has published the Survey of Commercial and Institutional Energy Use – Buildings 2009 [1]. Hence,
it is thus likely that interest will again increase for the formulation of a Canadian C&I archetype set. The USA leads
the categorization of C&I buildings and the most recent USA DOE archetype set has become the cornerstone of C&I
building modeling and assessment, given its heritage to the early 1990’s.
2. Building characteristics for MPC
Table 1 summarizes nine building characteristics that are beneficial to MPC, provides explanation for their
selection, and rates their importance for use with MPC on a simplified comparative basis. Thermal mass is an essential 
as it provides temporal decoupling between external and internal conditions, and HVAC operation. 
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           Table 1  Nine building characteristics with explanation and their importance 
In addition to these technical characteristics, there are also two practical characteristics, including:  
Building size for a given climate and building type strongly influences space heating and cooling needs. While 
control systems are bigger and more complicated for larger buildings, there is often a master control which could 
easily integrate MPC. The capital and operating costs to add the MPC technology to larger buildings are likely only 
marginally more than small buildings, but have an opportunity to save considerably more energy (i.e. cost savings).  
HVAC control systems must be sufficiently technologically advanced to accept and implement the MPC signals. 
If sufficient sensory information is unavailable, or the HVAC operation is highly restricted by design, then MPC may 
not be retrofit-able. Examples of poor candidate control systems include strictly zone level control (e.g. baseboard 
electric) or simple hysteresis type central control with limited inputs. Also, to advantage MPC, it is important to have 
central primary control systems linked with zone level secondary control systems so that they can receive feedback. 
Control systems that operate in isolation (e.g. central boiler temperature setpoint, zone level flow control with no 
feedback) lack this capability. 
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3. A review of prototypical C&I building categories 
Several projects have developed prototypical building categories over the last couple of decades. This work has 
been led by the Lawrence Berkeley National Laboratory (LBNL) in support of USA government mandated energy 
efficiency programs. Huang et al. (1991), developed 37 building types that were then applied to 13 climates, giving a 
total of 481 prototypical buildings across the USA. Whereas the purpose of the project was to model the energy use 
in existing commercial building stock as closely as reasonable, the building types, sizes, and locations were selected 
based on the best potential to use cogeneration. The paper presents a summary of building characteristics databases, 
engineering studies, characterizations, and prototype models for energy simulations. They conducted sensitivity 
analysis to better understand the effects of building size, external wall models, thermal zoning, and HVAC types on 
the simulated energy use. 
The database of Huang et al. [3] was then refined by Tuluca and Huang [9] and upgraded to simulate on the program 
DOE-2.1E. Sezgen et al. [10] then further modified them to be specific to two broad U.S. regions (North and South) 
based on 1989 Commercial Buildings Energy Consumption Survey  (CBECS) data. Additionally, three new building 
prototypes were developed corresponding to small office, small retail, and warehouse. By the late 1990’s, Huang and 
Franconi [4] had expanded the archetype set for 12 major commercial building types with a total of 36 variants. This 
was achieved by subdividing certain building types, such as offices and retail stores, into unique archetypes based on 
geographical region, vintage, and building size. Instead of simulating all variants in all climates, a national building 
stock weighting factors was applied based upon the 1992 Commercial Buildings Energy Consumption Survey 
(CBECS). Thus, the total number of simulations was only 120. The use of weighting factors also allowed the results 
to be extrapolated to represent the entire commercial building stock. 
Stocki et al. [6], working at the University of Massachusetts, developed seven building archetypes for energy 
analysis: large office, small office, retail, education, apartment, small hotel, and hospital. While these are meant to 
represent typical commercial buildings, it is unclear why the focus was placed on these types. While the building sizes 
were based on work by Huang and Franconi [4], the thermal envelope and HVAC parameters were updated to conform 
to 90.1-2001 ASHRAE energy standard [11] and 62.1-1999 ASHRAE indoor air quality standard [12]. Griffith et al. 
[7] of the National Renewable Energy Laboratory (NREL) completed an assessment of the commercial building sector 
for the potential to reach net zero energy. They auto-generated energy simulation models for all the buildings in 1999 
CBECS (EIA 2002), except refrigerated warehouses. This effort resulted in 5,375 unique models which were used to 
examine potentials of different technology scenarios for the commercial building stock. While robust, the number of 
buildings results in a computational burden for extensive analysis. Recently, Deru et al. [8] from NREL lead the 
development of 16 reference building models that represent approximately two-thirds of the USA commercial building 
stock and each was applied to 15 different climates, giving total of 240 prototypical buildings across the USA. This 
work was the result of consensus between the USA DOE, LBNL, NREL, and the Pacific Northwest National 
Laboratory (PNNL). 
4. Building categories for MPC 
The literature review presented above indicates that recent set of 16 reference commercial building types developed 
by the U.S. Department of Energy (DOE) Building Technologies [8] covers a wide range of C&I buildings and 
therefore represent the best starting point for development of the project specific commercial building archetype 
database for North America. These reference building models are constructed to characterize the energy performance 
of typical building types under nominal operations. Consequently, they are hypothetical models with ideal operations 
that meet certain minimum requirements, and thus they do not represent energy use in any particular building nor to 
act as targets to rate the energy performance of single existing or proposed buildings. Each of these 16 types has 3 
versions based on compliance with minimum requirements, namely: New (ASHRAE [13]); Post-1980 (ASHRAE 
[14]); and Pre 1980 construction (previous standards and other studies of construction practices).  
2152   Miroslava Kavgic et al. /  Energy Procedia  78 ( 2015 )  2148 – 2153 
Although all have the same building form, area and operation schedules, they differ in the insulation values, lighting 
levels, and HVAC equipment types and efficiencies. Detailed building energy models require several pieces of 
information that are not available from standard data sources. Therefore, information from several sources was 
combined in a sensible way to represent “typical” performance. Table 2 categorizes DOE building archetypes in 
relation to the five most important defined building characteristics for MPC.  
        Table 2 North American commercial/institutional building archetypes and qualities suited to MPC 
While it can be seen that a wide variety of buildings have some of specific characteristics that are beneficial to 
MPC, certain types distinguish from the others by satisfying several criteria, including:  
• Offices (medium and large): these buildings have significant thermal mass, large passive solar gain through 
windows, distinct occupied/unoccupied periods, and permit deviations of internal zone temperatures. Although 
medium sized offices show as lightweight construction, the high number of buildings and variations continent 
wide suggest that many will in-fact have heavyweight construction. Offices are present in great quantity among 
the commercial building sector and in all climates, including the ones of interest for this project. Finally, offices 
all provide for similar use characteristics (i.e. people, desks, computers, etc.) which lends itself toward a 
universal control solution for this building type. 
• Secondary schools: these buildings have many of the same characteristics of offices, including being highly 
zoned, each with windows, and supported by a central HVAC system. Also similarly, they are present in every 
jurisdiction in large number, and experience distinct occupied/unoccupied periods. 
Buildings such as small retail, accommodations, and health care are not top candidates for MPC because of highly 
individualized HVAC systems, client demands, and tightly regulated internal conditions. 
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5. Conclusion 
Model predictive control (MPC) takes advantage of changing internal and external conditions within a building to 
save energy, operating cost, and GHG emissions. Building thermal mass, window area, ventilation rates variability in 
climate, and ability to modify zone temperature setpoints are critical aspects to the use of MPC in buildings. Other 
aspects such as occupancy pattern and HVAC equipment are also important, whereas insulation levels and air tightness 
are less important. It is recommended to focus on buildings that exhibit the critical characteristics, while recognizing 
that not all must be satisfied to successfully implement MPC. Offices and education exhibit thermal mass, high solar 
gains, discrete occupancy periods, and the opportunity to vary temperature setpoints, they are the largest and most 
prevalent commercial/institutional buildings by count in North America, and thus offer good market potential by size 
for new technologies.  
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